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Figure 14: Determination of α ≡ ∆m2
sol

/∆m2
atm

and bound on sin2 θ13 from the world’s oscillation data,

as of June 2006, from Ref. [10].

6 Predicting lepton mixing angles

As we saw in Sec. 5 five of the basic parameters of the lepton sector are currently probed in neutrino

oscillation studies [2, 3, 4, 5, 6] [11, 12]. These include the angle θ12 and the splitting ∆m2
sol

, which

are determined from solar and KamLAND data, together with the angle θ23 and the corresponding

mass squared splitting ∆m2
atm

determined by atmospheric K2K, and MINOS data. In addition the

three–neutrino leptonic mixing matrix has the angle θ13, mainly constrained by reactor data. As we

have seen, current neutrino data point towards a well defined pattern of neutrino mixing angles, quite

distinct from that of quarks. It is not easy to understand this in the context of a fully unified theory

where quarks and leptons are connected. The data seem to indicate an intriguing complementarity

between these angles that characterize the quark and lepton mixing matrices [99, 100, 101, 102].

Gauge symmetry alone is not sufficient to predict particle mixings, neither for the quarks, nor for

the neutrinos. Moreover, if the gauge group is unified one faces the additional challenge of reconciling

different structures for the quark and lepton mixing angles, typically correlated in this case.

Such “flavour problem” has remained with us for a long time. For example, we have seen how

in general seesaw-type models the leptonic mass matrices are very complex enough and one lacks

predictivity of neutrino properties. Even in the simplest seesaw mechanism discussed in Secs. 3.1.1

and 3.1.2 the co-existence of the triplet (type-II) term with the standard (type-I) term brings its own

independent flavor structure. Acceptable mixing patterns can certainly be accommodated, but not

predicted. To achieve some degree of predictivity one must appeal, for example, to extra symmetries,

beyond the gauge symmetry.

There has a rush of papers attempting to understand the values of the leptonic mixing angles from

underlying symmetries at a fundamental level. For example the form of the mixing at high energies
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Figure 18: sin2(2θ13) sensitivity limit for the detectors installation scheduled scenario

There are a number of important observations which can be gleaned from Figure 21. First
of all, assume that Double Chooz starts as planned (solid Double Chooz curves). Then it will
quickly exceed the sin2 2θ13 discovery reach of MINOS and CNGS, especially after the near detector
is online (left panel). It will be the most sensitive experiment until at least 2011 and its sin2 2θ13

discovery potential is remarkable. In some scenarios, like inverted mass hierarchy and specific values
of δCP, the reactor measurement would have the best discovery potential. Note, that even the far
detector of Double Chooz alone would improve the current bounds on sin2 2θ13 considerably down
to 0.04 after 4 years and 0.03 after 10 years at the 90% confidence level. The information gained
by Double Chooz can also be used for a fine-tuning of the running strategy of second generation
superbeams with anti-neutrinos. If a finite value of sin2 2θ13 were established at Double Chooz, the
superbeam experiments could possibly avoid the time consuming (due to lower cross sections) anti-
neutrino running and gain more statistics with neutrinos. The breaking of parameter correlations
and degeneracies could in this case be achieved by the synergy with the Double Chooz experiment.

The Chooz reactor complex even allows for a very interesting upgrade, called Triple Chooz [42].
There exists another underground cavern at roughly the same distance from the reactor cores as
the Double Chooz far detector. A 200 t detector could be constructed there without requiring
significant civil engineering efforts. This upgrade would in principle be equivalent to the Reactor-
II setup described in Reference [3]. Figure 21 shows that it could play a leading role, since its
sensitivity is unrivaled by any of the first generation beam experiments for the next decade and
even the discovery potential is excellent and covers more than 1/2 of the region superbeams can
access. In the case of a value of sin2 2θ13 not too far below the current CHOOZ bound, this might
even lead to the possibility to restrict the CP parameter space at superbeams for large enough
luminosities. The advantage offered by this staged approach compared to other reactor projects

36

They are the most powerful reactor type in operation in the world. One unusual characteristic of
the N4 reactors is their ability to vary their output from 30% to 95% of full power in less than
30 minutes, using the so-called gray control rods in the reactor core. These rods are referred to as
gray because they absorb fewer free neutrons than conventional (“black”) rods. One advantage is
greater thermal homogeneity. A total of 205 fuel assemblies are contained within each reactor core.
The entire reactor vessel is a cylinder 4.27 m tall and 3.47 m diameter. The first reactor started
full-power operation in May 1997, and the second one in September of the same year.

The Double Chooz experiment will employ two almost identical detectors of medium size, each
containing 10.3 cubic meters of liquid scintillator target doped with 0.1% of gadolinium (see Sec-
tion 4). The neutrino laboratory of the first CHOOZ experiment,1 located 1.05 km from the two
cores of the Chooz nuclear plant, will be used again (see Figure 3). This is the main advantage of
this site compared with other locations. We label this site the far detector site or Double Chooz-

Figure 1: Overview of the experiment site.

far. A sketch of the Double Chooz-far detector is shown in Figure 5. The Double Chooz-far site
is shielded by about 300 m.w.e. of 2.8 g/cm3 rock. It is intended to start taking data at Double
Chooz-far at the beginning of 2008.

1For clarity, the first reactor neutrino experiment conducted at the Chooz reactor is herein referred to in uppercase.

4
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CPT across diagonals:

• First Row: Superbeams where νe contamination ∼1 %

• Second Row: ν-Factory or β-Beams, no beam contamination

Even in matter, a vestige of CPT exists:
Instead of switch matter to anti-matter, switch neutrino hierarchy !!!
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Psol |2
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2 = (4000 km)−1, ∆ij = |δm2
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and ± = sign(δm2
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ē L

U
(1

)

C
P
T

:
e L
↔
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µ1e

−im2
1L/2EUe1 + U∗

µ2e
−im2

2L/2EUe2 + U∗
µ3e

−im2
3L/2EUe3 |2

= |2U∗
µ3Ue3 sin ∆31e

−i∆32 + 2U∗
µ2Ue2 sin ∆21|2

= |
√

Patme−i(∆32+δ) +
√

Psol|2

where
√

Patm = sin θ23 sin 2θ13 sin ∆31
and

√
Psol ≈ cos θ23 sin 2θ12 sin ∆21

Pµ→e ≈ Patm + 2
√

Patm

√
Psol cos(∆32 ± δ) + Psol (6)

Pµ→e ≈ Patm + 2
√

PatmPsol cos∆32 cos δ + Psol (7)

∓2
√

PatmPsol sin ∆32 sin δ (8)
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√

Patme−i(∆32+δ) +
√

Psol|2

In Vacuum:
√

Patm =sin θ23 sin 2θ13 sin∆31

√
Psol =cos θ23 sin 2θ12 sin∆21

∆ = δm2L
4h̄cE = 1.27δm2L

4E

For L = 1200 km
and sin2 2θ13 = 0.04
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Pµ→e ≈ Patm + 2
√

PatmPsol cos(∆32 ± δ) + Psol

where

Patm = sin2 θ23 sin2 2θ13 sin2 ∆31

Psol = cos2 θ13 cos2 θ23 sin2 2θ12 sin2 ∆21∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Pµ→e ≈

∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
At the first atmospheric
oscillation maximum, ∆32 = π

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

|aatm| = |asol|

sin2 2θ13 ≈ sin2 2θ12
tan2 θ23

[
π
2

δm2
21

δm2
31

]2

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the
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Asymmetry
Peaks:

Pµ→e ≈ | √
Patme−i(∆32±δ) +

√
Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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√
Patm = ±2

√
Psol sin δ

√
Patm = −2

√
Psol cos(∆32 ± δ)
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Zero Mimicking
Solutions:

mcosmo =
∑

mi

Long Baseline νµ→ νe or νe→ νµ

∆32 = π
2

– Typeset by FoilTEX – 2

use unitarity to eliminate U∗
µ1Ue1 term:

P (νµ → νe) = | U∗
µ3e

−im2
3L/2EUe3 + U∗

µ2e
−im2

2L/2EUe2 + U∗
µ1e

−im2
1L/2EUe1 |2

P (νµ → νe) = |2U∗
µ3Ue3 sin∆31e

−i∆32 + 2U∗
µ2Ue2 sin∆21|2

Atmospheric δm2 Solar δm2

2U∗
µ3Ue3 = sin θ23 sin 2θ13e−iδ 2U∗

µ2Ue2 ≈ cos θ23 sin 2θ12

P ≈ Patm + 2
√

PatmPsol cos(∆32 ± δ) + Psol

P = Psol
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Two Flavors: Vacuum and Uniform Matter

Vacuum: P (νµ → νe) = sin2 2θ0 sin2 ∆0

Matter: P (νµ → νe) = sin2 2θN sin2 ∆N

BUT δm2
0 sin 2θ0 = δm2

N sin 2θN

Therefore in Matter: P (νµ → νe) = sin2 2θ0

(
sin2 ∆N

∆2
N

)
∆2

0
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where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ13 cos θ23 sin 2θ12
sin(aL)
(aL) ∆21
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with MATTER
νµ
→ νe

Pµ→e
=
∣∣∣∑ j

U
∗
µj

Uej
e
−im

2
j
L/2E

∣∣∣2
Elim

ate
U
∗
µ1

Ue1

usin
g uni

tari
ty of U.

Use ∆ij
= δm

2
ij
L/4E

= 1.27
δm

2
ij
L/E

Pµ→e
=
∣∣ 2U

∗
µ3

Ue3
sin∆31

e
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Matter Effects:

sin∆31 ⇒
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∆31∓aL
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sin∆21 ⇒
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{δm2 sin 2θ} is invariant
and

a = GFNe/
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= (4000 km)−1

Matter effects are IMPORTANT when sin(∆∓ aL) $= (∆∓ aL).

Matter Effects important for NuMI-OFF-Axis ( 800 km), less so for JParc (295 km).
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Counting Expts at First Osc. Max.



Off-Axis Beams:
BNL 1994

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}
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0.75  upgrade to  4 MW 0.4  upgrade to  2 MW

T2K
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The strategy: off-axis NuMI beam

! Fermilab – Ash River

! 14 mrad off-axis

! 810 km baseline

    

E! !
0.43" m#

1" " 2$ 2

NOvA
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NO!A Far Detector we would like to build

!TAD = Totally Active Detector 

PVC = passive material

! mass N kT (N large)

~80% scintillator 

~20% PVC extrusions

!Modular structure

32 cells/extrusion

12 extrusions/plane

1984 planes 

!Cell dimensions:

3.9 cm x 6 cm x 15.7m

!U-shaped 0.7 mm WLS fiber into APD

15.7m

15.7m

We will build as much of this as the funding will allow…

31-plane

blocks 

(132-”super-

blocks”

Far Detector

Prototype  stack



Sensitivity to sin2 2θ13
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T2K Physics Sensitivity without 2km detectors

Stat. only

--68%CL

--90%CL

--99%CL

Goal
!(sin22"23)~0.01

!(#m23
2)~<1!10-4

(OA2.5(OA2.5°°))

$µ disappearance

KASKA 90%
(NuFact04)

CHOOZ

90%

a factor of >10 improvement over CHOOZ

$e appearance
(Strong ! dependence )

sin22"13

Aihara for T2K, P5 talk

Phase I
Sensitivity approx 0.5%  

T2K:

δm
2

31 > 0

δm
2

31 < 0 Beam 1% 



NOvA:

δm
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31 > 0

δm
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31 < 0

Beam 1% 



Phase I
Sensitivity approx 0.5%
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3 ! Sensitivity to "13 # 0

2.5 yrs with $

%

2.5 yrs with  anti - $

5 years with  $ only run

NOvA @ NO-VE 2007

NOvA:

δm
2

31 > 0

δm
2

31 < 0

Beam 1% 



NOvA:
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3 ! Sensitivity to "13 # 0
δm

2

31 > 0

δm
2

31 < 0

Beam >1% 



Sensitivity to sin2 2θ13

Sensitivity to Hierarchy: sign δm2
31
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exact along diagonal ---  approximately true throughout the overlap region!!!

Neutrino v Anti-Neutrino  One Expt.

O. Mena + SP 
hep-ph/0408070

in the overlap region
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Potential

− 1 + 0.47

√
sin2 2θ13

0.05

− 1 + 1.4

√
sin2 2θ13

0.05

in vac sin∆31

in vac sin∆21

– Typeset by FoilTEX – 6

− 1 + 0.47

√
sin2 2θ13

0.05

− 1 + 1.4

√
sin2 2θ13

0.05

in vac sin∆31

in vac sin∆21

– Typeset by FoilTEX – 6



FIG. 6: Sensitivity to the sign(∆m2
31)-extraction at the 95% CL within the three reference setups

explored in the present study. The labels L, M and S correspond to the Large, Medium and

Small experimental setups explored in this study, respectively. The dashed black curve is obtained

from Eq. (7) setting 〈sin δ〉− = −1 (〈sin δ〉+ = +1) for the normal (inverted) hierarchy. This is the

bound that would be obtained with infinite statistics and in the absence of backgrounds.

are obviously crucial to resolve the hierarchy of the neutrino mass spectrum9. The sensitivity

to the measurement of the sign of the atmospheric mass difference is expected to be better

when the sign of sin δ is negative: in the case of the Medium experimental setup, the

sensitivity to the sign (∆m2
31)-extraction is lost for positive values of sin δ. We show as well

in Fig. (6) the theoretical limit on the sign(∆m2
31)-extraction, which acts as a rigorous upper

bound on the experimental sensitivity curves. A possible way to resolve the fake solutions

associated to the sign of the atmospheric mass difference would be to combine the data from

the proposed NuMI 10 km off-axis and T2K experiments [20, 25]. The complementarity of

the NuMI and T2K experiments can be explicitly shown by exploiting the identity given in

9 Recently, new approaches for determining the type of hierarchy have been proposed [28] by exploiting other

neutrino oscillations channels, such as muon neutrino disappearance, and require very precise neutrino

oscillation measurements.

14

NOvA:

S: 4 +4 yrs
M (=5*S):  Proton Driver
L (=5*M):  PD + Liquid Argon
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Resolution of the mass hierarchy
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i.e. sin2 2θcrit = 0.10

(ρL) for NOvA three times larger than (ρL) than T2K.
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tan θ23
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δm2
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Fig. 13.18: The fraction of ! values for which CP viola-

tion can be demonstrated at three standard deviations.  

A three year run on each of neutrinos and antineutrinos 

is assumed for NO"A with the Proton Driver and for 

T2K with an enhanced proton source and SuperKamio-

kande as the detector. 
 

 

 
Fig. 13.19: The same as Fig 13.18 except that Hyper-

Kamiokande is assumed to be the T2K detector. 

 

 
Fig. 13.20: The fraction of ! values for which CP viola-

tion can be demonstrated at three standard deviations 

for NO"A with the Proton Driver and combined with an 

additional detector on the NuMI beam line, as discussed 

in the text. 

 

Finally, Fig. 13.20 addresses the CP violation 

measurements that could be made by a combina-

tion of NO"A and the additional detector on the 

NuMI beamline, running at the second oscillation 

maximum, which was suggested in Section 13.4.3 

to resolve the mass hierarchy in the case of small 

values of sin2 (2#
13

) .  This figure shows that there  

is also a good capability for measuring CP viola-

tion at these sin2 (2#
13

)  values. 

 

13.6. Measurement of the Dominant Mode 

Oscillation Parameters 

One of the most important measurements in neu-

trino physics today is the precise determination of 

sin(#
23

) .  The best current measurement comes 

from the SuperKamiokande study of atmospheri-

cally produced neutrinos [3,5].   This measurement 

is consistent with maximal mixing, 
 
sin2 (2#

23
) $ 1, 

but with a considerable uncertainty.  At the 90% 

confidence level, sin2 (2#
23

) % 0.92 , which trans-

lates into a rather large range of possible values of 

sin2 (#
23

) , namely 0.36 < 
 
sin2 (#

23
) <0.64.   

There are three reasons why determining 

sin(#
23

)  is of high interest: 
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